We report magneto-exciton spectroscopy studies of (41 1)A and (100)-oriented GaAs/A103Ga,-7As multiquantum well structures. The samples consisted of seven GaAs quantum wells with widths varying between 0.6 and l2nm, were grown on (41 1)A and (100)-oriented GaAs substrates. The exciton diamagnetic energy shifts and linewidths were measured between 0 and 14T at 1 .4K The dependence of the exciton diamagnetic shifts with magnetic field were calculated using a variational approach and good agreement with experiment for both substrate orientations was found. Within experimental error, the conduction band masses for both the (100) and (41 1)A-oriented structures are nearly the same.
INTRODUCTION
The relationship between role of interface roughness and semiconductor device performance has been studied since the advent of quantum well structures. There have been several theoretical considerations of the contributions from interface roughness to the exciton photoluminescence (PL) linewidth, quantum well energy levels, 14 A review article by Herman et. al.5 presents a summary and overview for these kinds of exciton perturbations. Recently, Hiyamizu and his colleagues have reported'1 improved exciton PL linewidths and line shapes by reducing the GaAs/AlGaAs interface roughness when growing GaAs/Al03Ga7As quantum wells on (41 1)A-oriented GaAs substrates. They have shown that the resulting low temperature FL full-width-half-maximum (FWFIIM) exciton linewidths are less for the (41 1)A structures than found for (100)-oriented GaAs/Al03Ga7As quantum wells grown under similar conditions. An atomic model of a supposed surface structure of a (41 1)A-oriented GaAs plane is shown in Fig. 1 . It consists of (100) terraces with three As-dimer rows in the [01 1] direction and a (1 1 1)A step with a two-monolayer height as described in Ref. 6 . The pitch of the surface corrugation is 1 .69 nmwhich is much smaller than the GaAs-exciton diameter of about 24 nm. Thus for (41 1)A-oriented interfaces, it is expected that the "roughness" due to the comigated nature of the surface will have minimum effect on the exciton PL linewidth, line shape, and quantum well energies. Figure 2 displays a simplified cartoon for interface roughness and the corresponding exciton energies in the quantum wells. The upper part of the figure, Fig. 2a , shows monolayer fluctuation about an average number of monolayers N. Here we show three different FL peaks at energies EN1, EN, and EN+1 from three quantum wells having widths N -1, N, and N + 1. For fluctuation amplitudes much less than the average quantum-well width N, the three PL-peak energies will be nearly the same, giving rise to an apparent increased exciton FL linewidth. On the other hand, it was anticipated by the Osaka University group11 that the small corrugation size of the (41 1)A-oriented structures will represent a minimal perturbation on the quantum well energies, resulting in a single, narrow, PL exciton peak as depicted in Fig. 2b .
Perturbations by applied magnetic fields on the spectrum of quantum well excitons have been studied for some time.1216 The purpose of this paper is to present results of studying the changes to the magnetoexciton PL spectrum and compare the results for (41 1)A and (100)-oriented quantum wells in the presence of large applied magnetic fields. Another important perturbation parameter is the quantum-well width, where monolayer fluctuations will have large effects on the narrowest of wells and minimum consequences for quantum-well widths large compared to the fluctuation amplitude. In order to minimize the number of samples required for a large number of quantum-well widths, the samples studied here have multiple quantum wells (MQW) ranging between 0.6 and 12 nm located in a single sample.
As will be shown in this paper, the 61 observations and conclusions about the "flatness" of the (41 1)A-oriented are further corroborated by our magnetic field dependent studies. Another result of our study is that the exciton PL linewidth for both the GaAs -E)1 dent of magnetic field strength, a result which is also consistent with a free exciton (delocalized state) transition and not due to PL from "bound" or "pinned" excitons localized by quantum-well-width induced energy fluctuations. Because of slightly different exciton binding energies, the diamagnetic shifts with magnetic field would be different for each PL peak shown in Fig.  2a , leading to an apparent line broadening3'16'17 which is not observed for our samples between 0 and 14T. In order to further study PL linewidth dependencies with magnetic field for these particular samples, extremely large magnetic fields are required, where the difference in the diamagnetic shifts may be sufficiently large enough to resolve any structure to the exciton PL line shape. For the low field regime, the exciton line shape has two contributions,16 a Lorentzian, which describes an exciton lifetime dependence on the magnetic field, and a Gaussian, from the interface roughness. Aksenov, et. al16 have studied these two contributions in high quality (100)-oriented GaAs/AlGaAs quantum-wells as a function of magnetic field. These authors report that the apparent FWHM of the experimental line shape may in fact appear to be magnetic field independent because of an accidental cancellation by a decreasing Lorentzian linewidth and increasing Gaussian contribution with increasing magnetic field. The origins and magnitudes of magnetic field dependent exciton lifetime effects (Lorentzian) and interface roughness (Gaussian) for the (41 1)A-oriented quantum well PL line shapes have to be studied in greater detail before conclusions can be made. QAs •Ga [411] [100]
[O11]-[OT1]
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EXPERIMENTAL
The (411)A and (100)-oriented GaAs/Al0 3Ga07As MQW structures were grown using molecular beam epitaXy growth techniques and conditions for this study have been previously reported. The individual GaAs quantum-well-widths varied between 0.6 and 12 nrn. The width of each Al0 Ga0 7As quantum well harrier was fixed at 20 urn. The narrowest GaAs quailturn well (0.6 urn) was repeated twice in order to increase the PL emission intensity. A schematic representation ol the structures is shown iii Fig. 3 . The rnagnetolumifleSceflCC measurements were made in the temperature range of I .4 and 76 K. and the magnetic fields varied between 0 and 14 T. The sample was attached to the end of a 100 pm-core-diameter optical fiber. The luminescence measurements were made with an Argon-ion laser operating at 514.5 nm. The laser was ui jected into the optical fiber by means of an optical beam-splitter and the returning photolurninescence signal was directed to the optical tTiOnOchrOlflatOr and IEEE4S8-hased photon counting data acquisition system from the same single fiber.18 Typical laser power densities to the sample were less than I W/cm2, therefore the photo-induced two-dimensional density of electrons and holes are very small, less than 1-3 x 101(1 cm2. The photomultiplier tube used during the course of these experi __________________________ ments was an lnGaAs-enhanced 1-lamamatsu R3310-02. The direction of the applied magnetic field is parallel to the growth direction. i.e., the resulting magneto-exciton orbits are in the plane of the quantum well. Figures 4 and 5 show the low-temperature PL spectrum for the (411)A and (100)-oriented GaAs/Al0 Ga07As MQW. These two spectra are nearly the same as previously puhlished for these with the main difference in the ratio of the peak intensities being due to the experimental configuration, optical response factors, laser power density wavelength. etc. in both Figs. 4 and 5, the lower energy PL-pcaks to the left of the 12-nm PL-peak are from the GaAs substrate and or the GaAs cap layer. As can he seen, the spectrum for the (411 )A-oriented sample does not have the structure to the exciton PL energies that the (100)-oriented sample exhibits. It should be mentioned here that not all (100)-oriented GaAs/Al0 3Ga0 7As MQW samples exhibit the structure to the exciton PL spectrum shown in Fig. 5 . Very good exciton PL spectra. showing no extra PL-peaks due to fluctuations of the quantum-well width, have been observed by many others in the literature and also by ourselves. However, the growth conditions for these structures have to be well understood and controlled if perfect, or nearly perfect, interfaces are to he achieved. For the purposes ol this paper. the (100)-oriented sample, discussed in this paper, is used as an illustrative example showing the effect on die exciton spectrum when there are fluctuations to the quantum-well width. Figure 6 shows the PL-peak energy data as a function of the GaAs quantum-well-width for the (411 )A-oricnted structure at 1.4K. The solid line drawn through the data is a result of our calculation for the diamagnetic shif)s in a magnetic field and is discussed below. The results for the (100)-oriented PL-peak energy versus quantum-well-width data will not he discussed because the results are similar. The increasing exciton energy with decreasing quantum-well width is well known to result from quantum confinement. GaAs WELL WIDTH (nm) The magneto-exciton diamagnetic shift dependence on magnetic field for each (41 1)A-oriented quantum well is shown in Fig. 8 . For each quantum well, the diamagnetic shift was calculated by subtracting the zero-field exciton energy shown in Fig.  6 from the magnetic field dependent PL-peak energy. In order to calculate theoretical diamagnetic shifts, we employed the variational approach as described by Greene and Bajaj.12'13 The trial wavefunction for the relative motion of the exciton has been discussed by Mena et. al. 15 and is given by 'P=A exp{_(ar+b2r+c2z2)},
DISCUSSION
where q' is the wavefunction for the relative motion of the exciton, r0 is the exciton polar coordinate in the plane of the quanturn well, z is the exciton coordinate perpendicular to the quantum-well plane, and r2 = r02 + z2. There are three variational parameters: a, b and c, and A is a normalization constant. The magnetic field direction is perpendicular to the growth direction, i.e., the exciton orbits are in the plane of the quantum well. Because of the relatively narrow quantum-well widths, the large quantum-well energy shifts shown in Fig. 6 compared to the bulk GaAs bandgap energy Egap 1515 meV at 1 .4K indicates that kap corrections to the conduction-band mass and thus nonparabolic mass effects must be taken into account. An excellent discussion of the conduction-band mass dependence on the bandgap energy has been presented in Refs. 19 and 20. The conduction-band mass corrections were also included in our variational approach. Furthermore, we added valence-band energy effects, and hence valence-band mass nonparabolicities, due to GaAs heavy-hole light-hole interactions (anti-crossing) away from the F-point in the Brillouin zone, i.e., away from k = 0. 21 In order to test the accuracy of our calculation, and the validity of all of the aforementioned approximations, we calculated the zero-field energy of the exciton transition as a function of quantum-well width. The solid curve drawn through the data points in Fig. 6 shows the result and accuracy of our variational approach. And as can be seen in Fig. 6 , the agreement between experimental exciton transition energies and theory is excellent. Similar results and conclusions are obtained for the (100)-oriented GaAs/Al03Ga7As MQW sample for which the data is not presented here.
Thus with the confidence gained from comparing theory and experiment shown in Fig. 6 , we now discuss the exciton diamagnetic shift dependence on magnetic field as calculated by the variational approach. The solid curves in Fig. 8 are the results of our calculation with varying magnetic field. As can be seen, the agreement with experiment is good for the 3. MAGNETIC FIELD (tesla)
7.2-nm-wide-wells (Figs. 8d and 81) but is only fair for the other quantum wells. However, because only one parameter, the GaAs quantum-well width, was varied and no particular attempts for optimization of the other parameters were made, the overall agreement between theory and experiment is good. The erratic behavior of the exciton diamagnetic shifts for the narrower quantum wells shown in Fig. 8 was also observed for the (100)-oriented GaAs/Al03Ga7As structure. There are several possible explanations for the deviation from ideal behavior of the exciton diamagnetic shift with magnetic field and three are as follows. For the narrow wells, the quantized F-point quantum-well energies for both the conduction and valence-bands are not only near the top of their barriers at zero-field, but approach the top of the barriers with increasing magnetic field. The effect of pinning of this energy level to the barrier height may not be adequately treated in our variational approach. Secondly, the valence-band nonparabolicities from heavy-hole light-hole interactions are not as simple as we assumed for these extremely nanow wells because of energy pinning of both valence-band states. Finally, interactions between the GaAs F-point with the Al03Ga7As X-point are not considered and may be prove important as the energy difference between these two conduction-band states decreases with decreasing GaAs quantum-well width. Of course, our comparison also assumed that each quantum well was perfectly grown and that the "strange" behavior of the diamagnetic shifts with magnetic field are extrinsic in nature.
In conclusion, we have shown the magnetic field studies are important for characterizing quantum well structures. In particular, we found that the data presented here collaborates the previous conclusions611 about the "flatness" of the (41 1)A-oriented GaAs/Al03Ga07As heterojunctions compared to (100)-oriented GaAs/Al03Ga7As structures. We also discussed a theoretical model, based on the variational technique, for an exciton in a magnetic field and calculated the dependence of the exciton energy with quantum-well width as well as the dependence of exciton diamagnetic shift with magnetic field. The agreement between theory and experiment for the dependence of quantum-well exciton energies on the well width was excellent. With the same parameters used for the quantum-well width comparisons, an overall good agreement with the magnetic field dependence of the diamagnetic shift was found. Studies of contributions to the line shape function, as described in Ref. 16 , are currently being pursued and the results will be presented at a later date.
